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Persistent postsurgical pain affects 20% of youth undergoing a surgical procedure, with females exhibiting increased prevalence of
chronic pain compared with males. This study sought to examine the sexually-dimorphic neurobiological changes underlying the
transition from acute to persistent pain following surgery in adolescence. Male and female Sprague Dawley rats were randomly allocated
to a sham or injury (plantar-incision surgery) condition and assessed for pain sensitivity while also undergoing magnetic resonance
imaging at both an acute and chronic timepoint within adolescence. We found that injury resulted in persistent pain in both sexes,
with females displaying most significant sensitivity. Injury resulted in significant gray matter density increases in brain areas including
the cerebellum, caudate putamen/insula, and amygdala and decreases in the hippocampus, hypothalamus, nucleus accumbens, and
lateral septal nucleus. Gray matter density changes in the hippocampus and lateral septal nucleus were driven by male rats whereas
changes in the amygdala and caudate putamen/insula were driven by female rats. Overall, our results indicate persistent behavioral
and neurobiological changes following surgery in adolescence, with sexually-dimorphic and age-specific outcomes, highlighting the
importance of studying both sexes and adolescents, rather than extrapolating from male adult literature.
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Introduction
Adolescent chronic pain (i.e. debilitating pain lasting for 3 months
or more) is a growing public health epidemic with devastating
effects across the lifespan, costing countries billions of dollars
annually (Groenewald et al. 2014). Up to 38% of youth report
chronic headaches, abdominal pain, or musculoskeletal pain,
which peaks in adolescence and is most prevalent in girls (Perquin
et al. 2000; Blyth et al. 2001; Stanford et al. 2008; King et al.
2011). Of utmost concern, pediatric chronic pain is not limited
to adolescence. Up to two thirds of adolescents with chronic pain
will become adults with chronic pain (Walker et al. 2012), which
will cost society even more. For this reason, pediatric chronic
pain has been coined “a modern public health disaster” (Clinch
and Eccleston 2009). Given that adolescence is characterized
by significant brain maturation and remodeling (Paus et al.
1999; Mengler et al. 2014), understanding the neurobiological
pathologies underlying the transition from acute to chronic
pain during adolescence is critical if we are to help adolescents
maintain healthy developmental trajectories and disrupt the
often inevitable persistence of chronic pain into adulthood.

From an evolutionary perspective, acute pain is critical for
survival as it signals threat and urges protection from further

harm (Broom 2001). In this sense, acute pain is a healthy, essential
process. When healthy acute pain becomes chronic, this pain
signaling system becomes dysfunctional. Contrary to acute pain,
chronic pain is not a normal, necessary response to a nocicep-
tive stimulus, and often results in persistent activation of stress
and inflammatory pathways, cell death, and neurodegeneration
(Koch et al. 2007; Johansson et al. 2008; Berliocchi et al. 2012).
Interestingly, there is evidence that as pain transitions from an
acute to a chronic state there becomes less overall activity levels
within sensory regions of the brain, such as the thalamus and
somatosensory cortex, and greater activation within brain regions
integrally involved in memory and emotion, such as the medial
prefrontal cortex, amygdala, and hippocampus (Apkarian et al.
2005; Brooks and Tracey 2005; Tracey and Mantyh 2007; Hashmi
et al. 2013). However, there is evidence that the pattern, not
overall level, of activity in sensory processing regions such as
the thalamus and somatosensory cortices are altered in chronic
neuropathic pain, raising the prospect of different mechanisms
emerging in different brain circuits (Alshelh et al. 2016).

Within both the preclinical and clinical literature, when
“adults” have persistent pain, the transition from acute to chronic
pain has been associated with hallmark brain changes that
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Fig. 1. Experimental timeline of study. (p) Indicates postnatal day, with the acute timepoint battery depicted from p37 to p56 and the chronic timepoint
from p59 to p72.

include reduced frontal cortex and anterior cingulate volumes,
changes in gray matter density, as well as in white matter integrity
(Jasmin et al. 2004; DaSilva et al. 2007; Seminowicz et al. 2009;
Gustin et al. 2011). This suggests that there are neurobiological
factors above and beyond sensory pain pathways involved in the
maintenance and chronification pain. However, to our knowledge,
the neurobiological changes responsible for this transitory
process have not been demonstrated in adolescents, a population
at increased risk for the onset and development of chronic pain,
with 20% of youth that undergo a surgical procedure suffering
from persistent postsurgical pain (Pagé et al. 2013; Rabbitts et al.
2017). Therefore, the purpose of this study was to use advanced
magnetic resonance imaging (MRI) to characterize the underlying,
and possibly sexually-dimorphic, neurobiological changes that
occur in response to a mild injury (plantar-incision surgery) and
facilitate the transition from acute to chronic pain in adolescence.
This was modeled using an acute and chronic timepoint following
surgery, mimicking persistent pain sensitivity from a surgical
procedure.

Methods
Animals
All experiments were carried out under the approval of the Alfred
Medical Research and Education Precinct Animal Ethics Com-
mittee and in accordance with the Precinct Animal Centre (PAC;
E/1928/2019/M). Sprague Dawley rats were acquired from the
Monash Animal Research Platform and all animals were kept in a
temperature-controlled facility (PAC; 21 ◦C) on a 12:12 h light:dark
cycle. Rat dams and sires were mated, allowing for in-house
breeding of all pups used in this study. Male and female pups were
left undisturbed with their mother until weaning at postnatal
day (p) 22. Pups were randomly assigned to either a sham or
injured condition on p35, followed by a battery of behavior tests
(elevated plus maze, von Frey, and hot cold plate) and MRI, with
the researcher blinded to experimental conditions. These tests
were performed at both an acute and chronic timepoint within
adolescence. Adolescence in the Sprague Dawley rat is believed to
span p31–70 and is characterized by similar maturational changes
as those that occur in human adolescence (Kolb et al. 2012;
Mychasiuk and Metz 2016). For this study, the acute timepoint
included the first round of behavioral tests occurring between
p37 and p48 and the acute MRI at ∼p54, whereas the chronic
timepoint encompassed the second set of behavioral tests from
p59 to p67 and the chronic MRI scan occurring at ∼p70. See Fig. 1
for experimental timeline. This resulted in 4 groups: male sham

(n = 10), male injured (n = 8), female sham (n = 8), female injured
(n = 7).

Injury
On p35, a plantar-incision surgery was performed on half of
the pups using the Brennan model and as previously described
(Brennan et al. 1996). Briefly, animals were anesthetized until
unresponsive with 5% isoflurane at 1 L/min O2, and then trans-
ferred to a nosecone with 2% isoflurane at 1 L/min O2 for the
duration of the procedure. The left hind paw was sterilized and
a 1-cm incision made longitudinally in the skin; the underlying
plantaris was then incised longitudinally 3×. The skin was sutured
with 2 simple interrupted sutures and the wound cleaned before
the animal was placed back into its’ home-cage to recover. For
the sham procedure, the other half of the animals were anes-
thetized with 5% isoflurane at 1 L/min O2 until unresponsive, then
returned to their home-cage.

Elevated plus maze
There is high comorbidity between chronic pain and mental
health disorders, with a bidirectional relationship between pain
and anxiety (Gatchel 2004). Given this, the elevated plus maze
(EPM) was run on p37 and p59, as a measure of anxiety-like
behavior. The apparatus consisted of 2 enclosed arms and 2 open
arms (each 51 cm × 11 cm), intersecting to form a “+” shape. A
single 5-min trial was run and tracked by TopScan software, with
time spent in the open and closed arms recorded. The less time
spent in the open arms of the maze indicates increased anxiety-
like behavior.

Von Frey
The von Frey is the primary measure for measuring mechanical
sensitivity in rats (Deuis et al. 2017) and was therefore completed
on p48 and p67 as a measure of mechanical nociceptive thresh-
olds. The testing apparatus consisted of a small wire grid base,
with boxes to enclose the rat, placed on top (Salberg et al. 2020,
2021). The task was run over the course of 3 days, with the first
2 being for habituation, whereby the rat was placed in the box
for 20 min then returned to its’ home-cage. On the third day the
animal was again habituated for 20 min before being tested, which
involved increasing size filaments being applied to each hind paw
5×. The number of retractions of the hind paw was observed
and testing was discontinued once a 5/5 reaction is recorded. The
larger the filament size recorded, the higher the threshold of the
animal.
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Hot cold plate
The hot cold plate is a common test for measuring thermal
sensitivity in rats (Le Bars et al. 2001) and thus was conducted
on p40 and p62 as a secondary measure of nociception (thermal
nociceptive thresholds). The hot cold testing apparatus was com-
prised of a temperature-controlled plate that was enclosed with
a cylinder to contain the rat. The task was run over 3 days, with
the first 2 being for habituation whereby the rat was placed on
the plate at room temperature for 2 min before being returned to
its’ home-cage. On the third day, the plate was set to hot (52 ◦C)
and the animal placed inside with latency to react recorded. The
animals were given > 1 h in their home-cage before being placed
back on the plate set to cold 2 ◦C, with latency to react recorded.
Shorter latencies to react indicate increased sensitivity.

MRI collection
On approximately p55 and p69, animals were induced with 5%
isoflurane at 1 L/min of O2, then transferred to a nosecone with
2–3% isoflurane at 1 L/min of O2 to maintain anesthesia through-
out the scan. The temperature and respiration rate of the rat were
monitored for the duration of the scan using a rectal and chest
probe, respectively. Adjustments in the warm water bath running
underneath the animal and the rate of anesthesia were made as
needed in response to changes in body temperature and respira-
tion. The animal was positioned in ear bars to keep movement to a
minimum for the scan, and eye gel was applied to prevent drying
of the eyes. A 9.4T Bruker MRI with actively decoupled volume
transmit and room temperature-cooled surface array coils was
used for imaging. For volumetric analysis, a 3D T2-weighted image
was acquired using a RARE sequence (repetition time = 4,500 ms;
effective echo time (TE) = 45 ms; RARE factor = 8; raw voxel size
0.16 × 0.16 × 0.16 mm).

Voxel based morphometry analysis
To allow the use of standard neuroimaging tools, each T2-
weighted image was resized by a factor of 10 in x, y, and z direc-
tions to create brain and voxel sizes similar to humans. This scal-
ing resulted in images with voxels that were 1.6 × 1.6 × 1.6 mm
in size. These resized T2-weighted images were then rigid-
body aligned to the stereotactic template space (also scaled).
Using Statistical Parametric Mapping 12 (SPM12), the images
were normalized and segmented into probability maps of
gray matter, white matter and cerebrospinal fluid using the
unified segmentation approach (Ashburner and Friston 2005).
This process included normalization to the template with an
affine coregistration followed by a nonlinearly spatially warping
to the SIGMA template. The signal intensity of normalized
gray matter of each voxel was modulated by the determi-
nant of the Jacobian and resliced into 1.2 × 1.2 × 1.2-mm
voxels, as per the original “optimized” VBM procedure (Good
et al. 2001). The resulting gray matter density images were then
smoothed using a 4 mm (0.4 mm in native space) full-width-at-
half-maximum Gaussian filter.

Total brain and gray matter volumes were calculated for the
acute and chronic time points and significant differences between
sham and injured and between males and females determined
(P < 0.05 2-sample, 2-tailed t-tests). Significant differences in
regional gray matter density between sham and injured rats were
determined at a voxel-by-voxel level by placing the gray matter
density brain maps into a second level full factorial analysis with
3 factors and 2 levels in each factor; injury (sham: injured), sex
(male: female), timepoint (acute: chronic) (P < 0.05, false discovery

rate (FDR)-corrected, minimum cluster size 20 contiguous voxels).
Time was entered as an independent variable and injury and
sex as dependent variables. Total brain volume was added as a
nuisance variable. Significantly different clusters were overlaid
onto a mean T2 weighted image set. The locations of significant
clusters were identified using a rat brain atlas (Paxinos and
Watson 2014).

Gray matter densities were extracted from significant clusters
and mean ± SEM values plotted. To determine if areas identi-
fied as being altered by the injury also displayed sex-related
differences, gray matter densities were calculated for all rats,
male only rats, and female only rats, and significant differences
between males and females determined using post-hoc t-tests
(P < 0.05, corrected for multiple comparisons). Finally, significant
relationships between gray matter densities and mechanical, hot,
and cold withdrawal thresholds were determined for all, male
only, and female only, for 8 clusters determined as displaying a sig-
nificant effect of injury (Pearson’s correlations, P < 0.05, corrected
for multiple comparisons). Significant differences in correlation
coefficients between the male and female only groups were also
determined (P < 0.05, 2-tailed).

Statistics
All statistics were carried out in SPSS 27.0 for Mac. Within-
subjects 2-way repeated measures analysis of variance (ANOVAs)
were run for all behavioral tests, with injury (sham: injured) and
sex (male: female) as factors, accounting for timepoint (acute:
chronic). When Mauchley’s test indicated sphericity was violated,
Greenhouse–Geisser corrections were performed. When neces-
sary, post-hoc pairwise comparisons (Tukey) were completed. Sta-
tistical significance was considered at P < 0.05. All data can be
obtained at the opensource framework repository—https://osf.io/
zs8vk/?view_only=8543f146cb2a4a2292c081218a0a106.

Results
Behavioral assessment of nociception and
anxiety-like behavior
The within-subjects, 2-way repeated measures ANOVA for the von
Frey task revealed a significant injury by sex by timepoint interac-
tion, whereby injured rats were more sensitive at both the acute
and chronic timepoints, F(1, 29) = 6.714, P = 0.015. See Fig. 2. Pair-
wise comparisons also demonstrated differences between sham
males and sham females at the acute timepoint, P = 0.002. With
respect to the hot plate, the within-subjects 2-way repeated mea-
sures ANOVA demonstrated a significant timepoint by injury
interaction, F(1, 29) = 4.654, P = 0.038, where both male and female
animals in the injured groups exhibited decreased thermal sen-
sitivity at the acute and chronic timepoints. There were no sig-
nificant findings for thermal sensitivity within the cold plate.
Finally, the within-subjects 2-way repeated measures ANOVA for
the elevated plus maze demonstrated a significant timepoint
by injury interaction, F(1, 29) = 4.846, P = 0.036, where animals
in the injured groups exhibited increased anxiety-like behavior
when compared with the sham animals. Post-hoc analyses also
identified a significant sex difference whereby males were more
anxious than females, but the persistence of anxiety was greater
in females than males, P = 0.004. See Fig. 2.

To summarize, both males and females that were injured
exhibited persistent changes in mechanical nociception and ther-
mal nociception (hot plate only) 30 days post-injury, providing
evidence for the presence of persistent pain. There were sex
differences in the mechanical nociception of shams, with males
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Fig. 2. Violin plots of behavioral results. (#) Indicates a main effect of sex, (∗) indicates a main effect of injury, (α) indicates a main effect of timepoint,
(β) indicates a significant sex by injury by timepoint interaction, (λ) indicates a significant timepoint by injury interaction, and (θ ) indicates a significant
sex by injury interaction; P’s < 0.05. A) Average filament weight from the von Frey task, whereby the interaction observed was sex by injury by timepoint
where injured rats were more sensitive at both the acute and chronic timepoints, and sham females were more sensitive than sham males at the acute
timepoint; B) average time spent in the open arms of the elevated plus maze, whereby interaction observed was timepoint by injury where injured
animals exhibited increased anxiety-like behavior compared with sham animals; C) average latency to react on the hot plate, whereby interactions
observed were timepoint by injury, and sex by injury where animals in the injured groups exhibited altered thermal sensitivity at the acute and chronic
timepoints; D) average latency to react on the cold plate.

exhibiting lowered sensitivity. Persistent changes in anxiety-like
behavior associated with the injury was greater in females than
in males. See Table 3 for summary of key results.

Gray matter assessment
Overall changes
At the acute time point there were no significant differences
between sham and injured rats as a single group, or when divided
into male and female groups, with respect to total brain volume
or total gray matter volume (Fig. 3; Table 1). In contrast, at the
chronic time point, although there were no significant differences
between sham and injured total and gray matter volumes for all
and male groups, injured female rats displayed greater total and
gray matter volumes compared with female sham rats.

Regional differences in gray matter density
Voxel-by-voxel assessment of gray matter densities revealed that
injury had a significant effect in a number of brain regions (Fig. 4
and Table 2). Gray matter densities were significantly greater in
injured compared with sham rats in the region encompassing
the left and right caudate/putamen (CPu) extending into the
insula, right (contralateral to injury) amygdala, and the cerebellar
cortex. In contrast, significantly reduced gray matter densities in
injured compared with sham rats occurred in the area encom-
passing the left and right dorsomedial hypothalamus (DMH), right

hippocampus, left perirhinal and entorhinal cortices, left nucleus
accumbens (NAc), right lateral septal nucleus, and in the right
lateral orbital cortex. Voxel-by-voxel analysis of the effect of
sex and time revealed no significant differences in regional gray
matter densities.

Although a voxel-by-voxel analysis revealed no effect of sex
on regional gray matter densities, extraction of gray matter
densities from the effect of injury significant clusters revealed
more subtle sex-related effects (Fig. 5). Gray matter density
changes in the amygdala and CPu/insula were driven largely
by the female rats, whereas gray matter density changes in
the hippocampus and lateral septal nucleus were driven by the
male rats. See Table 3 for summary of key results.

In addition to regional differences, we assessed the relation-
ships between gray matter density and mechanical, hot, and cold
nociceptive sensitivity at the acute and chronic time point, for all,
male and female rats in each of the 8 clusters. Interestingly, at the
acute time point, we found significant correlations between all
sham rats and mechanical thresholds in all 8 clusters except for
the amygdala (Fig. 6). Injury appeared to disrupt these relation-
ships with gray matter density in the hypothalamus and lateral
orbital cortex being significant in the injured group. Furthermore,
time appears to affect the relationship with no cluster displaying a
significant relationship with mechanical threshold at the chronic
timepoint. In contrast, there were no significant relationships
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Table 1. Total brain and total gray matter volumes.

Total brain volume (mean ± SEM mm3) Total gray matter volume (mean ± SEM mm3)

Sham Injured Sham Injured

Acute
All 1722.66 ± 25.39 1736.33 ± 19.53 1183.59 ± 17.58 1193.36 ± 15.63
Male 1792.97 ± 23.44 1791.02 ± 5.85 1234.38 ± 17.58 1238.28 ± 5.85
Female 1791.01 ± 13.67 1671.88 ± 25.39 1111.33 ± 9.77 1142.58 ± 21.48
Chronic
All 1798.83 ± 27.34 1812.50 ± 15.63 1222.66 ± 19.53 1234.38 ± 11.72
Male 1876.95 ± 25.39 1853.52 ± 9.77 1281.25 ± 19.53 1261.72 ± 9.77
Female 1679.27 ± 17.58 1765.63 ± 17.58∗ 1150.39 ± 11.72 1201.17 ± 13.67∗

∗ P < 0.05 sham versus injured. Bold values indicate significant effects.

Fig. 3. Brain and gray matter volume changes. Plots of mean (±SEM) total
brain and gray matter volumes at the acute (postnatal day 52–56) and
chronic (postnatal day 68–72) time points for all rats, males only, and
females only. ∗ P < 0.05 2-sample t-test. Female injured rats had increased
brain and gray matter volumes compared with female shams at the
chronic timepoint.

between either hot or cold thresholds in any group in the lateral
septal nucleus, CPu/insula, or nucleus accumbens. Significant
relationships between hot thresholds and gray matter density
occurred in the cerebellar cortex, hippocampus, hypothalamus,
and lateral orbital cortex and cold thresholds were significantly
correlated in only the hypothalamus and amygdala. Finally, signif-
icant differences between male and female correlations occurred
in injured groups within the lateral orbital cortex, amygdala,
cerebellar cortex, and hypothalamus.

Discussion
As pain persists in adults, there is recruitment of various
brain regions outside of the primary somatosensory pathways
(Apkarian 2011), including prefrontal and cingulate cortices

(DaSilva et al. 2007; Seminowicz et al. 2009; Gustin et al. 2011).
However, to our knowledge whether similar changes also occur
in adolescents, a population at increased risk for the onset
and development of chronic pain, has not been demonstrated
(King et al. 2011). Alarmingly, ∼20% of youth that undergo a
surgical procedure will suffer from chronic postsurgical pain (Pagé
et al. 2013; Rabbitts et al. 2017), with a significantly increased
prevalence of chronic pain in girls compared with boys (Blyth
et al. 2001; Stanford et al. 2008). Previous research from our
laboratory has demonstrated that the neuroinflammatory and
systemic response to chronic pain is prominent in adolescent
males, but nearly absent in females (Salberg et al. 2023). Our
previous studies were unable to ascertain the pathophysiological
mechanisms responsible for female presentation of more pain,
both behaviorally and clinically. Therefore, this study sought to
examine the sexually-dimorphic neurobiological changes that
underly the transition from acute to chronic pain following a
minor surgery in adolescence.

We found that, behaviorally, both males and females demon-
strated altered mechanical and thermal nociceptive sensitivity
following surgery, with these changes being persistent across
time. In addition, we observed sex differences in these outcomes
whereby female shams exhibited greater mechanical sensitivity
than male sham animals, along with increased thermal sensitivity
in females compared with males. These sex-dependent changes
were consistent with MRI measures, whereby (i) total gray mat-
ter volume was increased at the chronic timepoint in female
injured animals and (ii) regional gray matter density increases
were driven by females whereas regional density decreases were
driven by males. Acutely, injury resulted in altered gray matter
density in the cerebellar cortex, hippocampus, amygdala, CPu/in-
sula, NAc, hypothalamus, and lateral septal nucleus, with all of
these changes being maintained at the chronic time point.

Results from the von Frey task exemplify the persistence of
pain in our surgery animals, as they demonstrated little to no
recovery from the acute to chronic timepoint. This persistence of
pain behavior was also observed on the hot plate, with surgery
reducing thermal nociception across time. Interestingly, our
results contradict findings of the laboratory from which the
injury model was developed. Brennan et al. found that this
surgery model induced consistent mechanical and thermal
hyperalgesia, however these deficits were transient, resolving
within 5–10 days postsurgery (Brennan et al. 1996; Brennan
1999, 2011). The discrepancy in results may be due to the age
and sex of the animals, as the initial studies by Brennan and
colleagues were conducted in male adult rats, whereas our
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Table 2. Brain region, F value, cluster size and gray matter density for clusters that displayed significant gray matter density changes
due to injury.

Brain region F value Cluster size Gray matter density (mean ± SEM prob x vol[x101])

All Males Females

Sham Injured Sham Injured Sham Injured

Injured > sham
Cerebellar cortex
Acute
Chronic

19.29 917
7.05 ± 0.11
7.46 ± 0.14

7.48 ± 0.12 #

7.85 ± 0.09 #
7.28 ± 0.13
7.76 ± 0.16

7.81 ± 0.12
8.09 ± 0.10

6.72 ± 0.10
7.03 ± 0.12

7.10 ± 0.10
7.58 ± 0.08∗

Amygdala
Acute
Chronic

32.00 16,165
7.98 ± 0.11
8.35 ± 0.13

8.29 ± 0.09 #

8.66 ± 0.08 #
8.29 ± 0.11
8.68 ± 0.14

8.51 ± 0.07
8.81 ± 0.06

7.55 ± 0.06
7.87 ± 0.05

8.04 ± 0.13∗

8.49 ± 0.13∗

CPu/Insula
Left
Acute
Chronic
Right
Acute
Chronic

27.03

32.00

4767

16,165

8.54 ± 0.12
8.93 ± 0.14

7.98 ± 0.11
8.35 ± 0.13

8.79 ± 0.10 #

9.19 ± 0.07 #

8.29 ± 0.09 #

8.66 ± 0.08 #

8.87 ± 0.12
9.30 ± 0.14

8.29 ± 0.11
8.68 ± 0.01

9.06 ± 0.05
9.34 ± 0.05

8.51 ± 0.07
8.81 ± 0.06

8.07 ± 0.06
8.40 ± 0.06

7.55 ± 0.06
7.87 ± 0.05

8.49 ± 0.13
9.03 ± 0.12∗

8.04 ± 0.13∗

8.49 ± 0.13∗

Injured < sham
Perirhinal cortex
Acute
Chronic

25.28 339
2.20 ± 0.07
2.29 ± 0.07

2.02 ± 0.07 #

2.09 ± 0.06 #
2.31 ± 0.09
2.43 ± 0.08

2.13 ± 0.06
2.16 ± 0.09

2.05 ± 0.06
2.08 ± 0.04

1.89 ± 0.12
2.01 ± 0.09

V1/V2
Acute
Chronic

18.08 202
3.93 ± 0.11
4.14 ± 0.12

3.66 ± 0.12 #

3.82 ± 0.09 #
4.11 ± 0.15
4.38 ± 0.16

3.99 ± 0.06
3.94 ± 0.13

3.66 ± 0.09
3.80 ± 0.07

3.28 ± 0.15
3.69 ± 0.10

Entorhinal cortex
Acute
Chronic

20.41 98
3.77 ± 0.09
3.91 ± 0.07

3.48 ± 0.09 #

3.65 ± 0.07 #
3.90 ± 0.12
4.03 ± 0.09

3.66 ± 0.06
3.73 ± 0.12

3.57 ± 0.08
3.74 ± 0.06

3.26 ± 0.14
3.57 ± 0.06

Hippocampus
Acute
Chronic

20.70 202
5.98 ± 0.11
6.15 ± 0.13

5.67 ± 0.11 #

5.84 ± 0.09 #
6.29 ± 0.09
6.53 ± 0.09

5.98 ± 0.06
6.09 ± 0.04∗

5.53 ± 0.06
5.61 ± 0.08

5.36 ± 0.15
5.56 ± 0.11

Thalamus
Acute
Chronic

21.25 37
2.93 ± 0.08
2.95 ± 0.09

2.69 ± 0.06 #

2.69 ± 0.07 #
3.14 ± 0.07
3.15 ± 0.09

2.86 ± 0.04∗

2.88 ± 0.05
2.63 ± 0.10
2.65 ± 0.08

2.50 ± 0.04
2.48 ± 0.06

Hypothalamus
Acute
Chronic

23.14 57
5.00 ± 0.09
5.22 ± 0.08

4.67 ± 0.08 #

4.75 ± 0.11 #
5.12 ± 0.11
5.29 ± 0.09

4.85 ± 0.10
4.83 ± 0.18

4.84 ± 0.12
5.12 ± 0.13

4.47 ± 0.07
4.66 ± 0.13

Lateral septal nucleus
Acute
Chronic

19.92 61
3.11 ± 0.07
3.24 ± 0.06

3.00 ± 0.07 #

2.93 ± 0.04 #
3.18 ± 0.09
3.32 ± 0.06

3.13 ± 0.07
2.90 ± 0.07∗

3.02 ± 0.09
3.13 ± 0.11

2.96 ± 0.052.
86 ± 0.10

Nucleus accumbens
Acute
Chronic

13.37 22
4.96 ± 0.09
5.27 ± 0.08

4.69 ± 0.11 #

4.87 ± 0.09 #
5.10 ± 0.12
5.32 ± 0.12

4.83 ± 0.12
4.92 ± 0.13

4.76 ± 0.12
5.19 ± 0.11

4.54 ± 0.20
4.82 ± 0.13

Lateral orbital cortex
Acute
Chronic

18.49 380
8.83 ± 0.13
9.04 ± 0.14

8.65 ± 0.09 #

8.87 ± 0.08 #
9.19 ± 0.11
9.43 ± 0.13

8.90 ± 0.07
9.08 ± 0.08

8.32 ± 0.10
8.49 ± 0.11

8.37 ± 0.08
8.63 ± 0.07

Gray matter density changes at both the acute and chronic timepoints are shown. CPu: caudate putamen, V1/V2: primary/secondary visual cortices. # P < 0.05
voxel-by-voxel analysis, ∗ P < 0.05 between sexes post-hoc 2-sample t-test. Bold values indicate significant effects.

Table 3. Summary of key results.

Behavior tests Female shams demonstrated greater mechanical nociceptive sensitivity than male shams
acutely
Females demonstrated increased persistence of anxiety-like behavior

Main effect of injury Gray matter density increases in the cerebellum, amygdala, and CPu/insula
Gray matter density decreases in the hippocampus, hypothalamus, lateral septal nucleus,
nucleus accumbens and lateral orbital cortex

Effects of sex on injury
related changes

Gray matter density changes in the amygdala and CPu/insula were driven by females

Gray matter density changes in the hippocampus and lateral septal nucleus were driven by males
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Fig. 4. Main effect of injury on gray matter density changes. The hot and cool color scales indicate regions where injury resulted in significant increases
or decreases in gray matter density in injured rats compared with sham rats. Gray matter changes are overlaid onto a mean T2-weighted anatomical
image set. The approximate location relative to bregma is indicated to the top right of each coronal slice. Gray matter density increases in the cerebellum,
amygdala, and CPu/insula. Gray matter density decreases in the hippocampus, hypothalamus, lateral septal nucleus, nucleus accumbens, and lateral
orbital cortex.

study utilized both male and female adolescent rats. Given that
adolescence is a critical window of development with a high
prevalence of chronic pain presentation, it is possible that the
sustained response observed is indicative of the increased risk
for persistent pain following surgery. This theory is supported
by a further study that employed the plantar-incision model in
neonatal rats, showing mechanical and thermal hypersensitivity
in adolescent male rats > 25 days post-injury (Burke and Trang
2017). Thus, the age at which the surgery is performed has
a significant influence on pain-related outcomes. In addition
to direct pain outcomes, we observed increases in anxiety-like
behavior from the acute to chronic timepoint. This outcome was
measured as pain and anxiety are highly comorbid clinically, with
a bidirectional relationship whereby pain can increase anxiety
and anxiety further exacerbates pain (Gatchel 2004; Vinall et al.
2016). Similar to the prevalence rates of pain, anxiety is reported
significantly more frequently in females compared with males
(McLean et al. 2011). Our results corroborate this statistic, with
females demonstrating a greater persistence in anxiety-like
behavior following the surgery.

Interestingly, results uncovered neurobiological changes that
differed between the sexes, with female surgery animals pre-
senting with increased brain and gray matter densities compared
with shams at the chronic timepoint. Although much of the
literature shows decreased gray matter density in chronic pain
populations, these outcomes were dependent on various other
characteristics, such as the source of the chronic pain and the
specific brain regions analyzed (Apkarian et al. 2004; Baliki et al.
2011; Gustin et al. 2011; May 2011; Smallwood et al. 2013; Cauda
et al. 2014; Henssen et al. 2019; Kang et al. 2019). Broadly, gray
matter density decreases have been observed in association with
chronic pain in the medial prefrontal cortex (PFC), thalamus,
anterior cingulate cortex, insular cortex, primary somatosensory
cortex, and spinal trigeminal nucleus, whereas increases have
been shown in the periaqueductal gray (PAG), caudate, and cere-
bellum (Apkarian et al. 2004; Gustin et al. 2011; Ruscheweyh
et al. 2011; Smallwood et al. 2013; Cauda et al. 2014; Emerson
et al. 2014; Wilcox et al. 2015; Henssen et al. 2019; Kang et al.
2019). Whole brain gray matter has been reduced in chronic back
pain patients, whereas regional decreases in osteoarthritis and

chronic back pain patients have been shown in the hippocampus,
insula, cingulum, and somatosensory cortices (Baliki et al. 2011).
Complex regional pain syndrome (CRPS), however, has a distinct
pain signature, with decreases found in the anterior insula and
orbital frontal cortex (Baliki et al. 2011).

Previously, decreases in gray matter density associated with
pain were thought to be caused by irreversible neurodegeneration,
however studies have shown that at least in non-neuropathic pain
conditions, pain relief can result in gray matter normalization
(Gwilym et al. 2010). Although the precise cellular changes
underpinning gray matter density changes remain unknown,
given evidence from human and experimental animal inves-
tigations of regional gliosis and neural death, it is likely they
reflect a combination of both neural and glial changes (Scholz
et al. 2005; Shi et al. 2012; Loggia et al. 2015). In addition, it has
been suggested that subtle changes in brain anatomy may also
reflect changes in dendritic morphology and given the significant
synaptic plasticity that occurs during adolescence, pain could
dysregulate neurodevelopment during this period (Gustin et al.
2014). For example, microglia, that rapidly respond to injury
and orchestrate neural repair responses, are also required for
normal synaptic pruning and homeostatic regulation (Schafer
et al. 2012). Research has demonstrated that other traumatic
adolescent experiences that result in chronic inflammation
modify functioning of microglia leading to over- or under-pruning
during this critical window of development (Pyter et al. 2013;
Eyolfson et al. 2022). Furthermore, these studies have also
highlighted differences in microglia response between adult and
adolescent rodents. To the best of our knowledge, this is the
first study to examine the neurobiological transition of acute
to persistent pain in adolescence, which will provide valuable
insight into the role of age in the chronification of pain.

At the acute and chronic timepoints, both sexes exhibited
increases in gray matter density in the cerebellar cortex and
decreases in the hypothalamus. It is known that the cerebellum
has a role in acute pain, with functional MRI (fMRI) studies consis-
tently showing activation with painful stimuli, and stimulation of
nociceptive fibers producing activity in the cerebellum (Apkarian
et al. 2005; Moulton et al. 2010). However, there is limited research
into the mechanisms behind this relationship, with researchers
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Fig. 5. Main effect of sex on gray matter density changes. Plots of mean (±SEM) gray matter density extracted from numerous significant clusters from
the main effect of injury analysis. Plots are shown for all rats, males only, and females only, and at both the acute and chronic timepoints. CPu: caudate
putamen; prob: probability; # P < 0.001 voxel-by-voxel analysis, ∗ P < 0.05 post-hoc 2-sample t-test. Gray matter density changes in the amygdala and
CPu/insula were driven by females. Gray matter density changes in the hippocampus and lateral septal nucleus were driven by males.

hypothesizing that the cerebellum integrates affective and sen-
sorimotor aspects of pain processing (Moulton et al. 2010). Of
importance, the neuroendocrine corticotropin response to pain
is under the control of the hypothalamus, which is responsible
for maintaining homeostasis through endocrine and autonomic
responses thus restoring balance following stressors that dis-
rupt it, such as pain (Bernard 2007; Cortelli and Pierangeli 2007).
Hypothalamic orexin and dopaminergic neurons also aid in the
control of pain, inhibiting pain transmission and modulating
pain signals (Puopolo 2019; Fakhoury et al. 2020). The persistent
reduction in hypothalamic volume following exposure to the pain
stimuli may represent a change in homeostatic regulation of pain
responsivity and signaling.

Overall, regional gray matter density increases were driven
by females and gray matter decreases by males. Female driven
gray matter increases as a consequence of injury were observed
at the acute and chronic timepoints in the amygdala and right
CPu/insula. It is not surprising that these areas were affected
by injury, as these structures are considered key regions of the
pain matrix and are involved in the processing of pain. Contrary
to the dearth of research on the cerebellum and pain, there
is an abundance of literature demonstrating the association
between the amygdala and the emotional, affective, and cognitive

processing of pain (Neugebauer et al. 2004; Simons et al. 2014).
Along with the hippocampus and hypothalamus, the amygdala
makes up a part of the limbic system that regulates behavior
and emotion (Rajmohan and Mohandas 2007). This system has
been shown to be involved in the emotional processing of pain,
with more significant activation occurring as pain transitions to
chronic stages (Brooks and Tracey 2005; Tracey and Mantyh 2007;
Hashmi et al. 2013). The caudate putamen is activated during
pain and is involved in the motor processing of pain (Starr et al.
2011; Azqueta-Gavaldon et al. 2020). With connections to regions
involved in sensory, affective, and memory processing of pain,
such as the anterior cingulate cortex, insula, thalamus, amygdala,
and hippocampus, it may also contribute to these socio-emotional
aspects of pain (Starr et al. 2011). The insula plays a role in the
sensory and affective integration of pain information (Brooks and
Tracey 2007) and is the most frequently reported region activated
in fMRI studies of pain, with stimulation of the region producing
pain on the contralateral side of the body (Ostrowsky et al. 2002;
Apkarian et al. 2005; Brooks and Tracey 2007). In addition, the
insula gives significance to the pain experiences, with damage in
the region producing pain asymbolia (Brooks and Tracey 2007).

Sex-dependent alterations between groups were also observed
in males, with male injured animals showing decreases in
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Fig. 6. Gray matter density and behavior correlations. Relationships between Gray matter densities and mechanical, hot and cold nociceptive thresholds
for 8 clusters in all rats (black text), male only rats (blue text) and female only rats (pink text). To the left are overlays of the 8 clusters derived from
the main effect of injury analysis, overlaid onto coronal T2-weighted anatomical images. Pearson’s correlation r values in bold with a ∗ are significant
(P < 0.05). Gray shaded boxes indicate significant differences between male and female correlations. CPu: Caudate putamen. At the acute timepoint, most
clusters showed a correlation between gray matter density and mechanical thresholds in sham animals. Correlations between gray matter densities
and hot thresholds were observed acutely in the cerebellum of males and hypothalamus of females.

the hippocampus and lateral septal nucleus. Given that the
hippocampus is critical in learning and memory, in the context of
chronic pain its’ role in contextual conditioning and extinction
can become dysregulated (Phillips and LeDoux 1992; Mutso
et al. 2012). This can cause abnormalities such as density
decreases through reduced neurogenesis and altered synaptic
plasticity (Mutso et al. 2012; Fasick et al. 2015). Interestingly,
the lateral septal nucleus receives extensive input from the
hippocampus and projects to regions such as the hypothalamus,
ventral tegmental area, nucleus accumbens, and PAG (Swanson
and Cowan 1979). Thus, the lateral septal nucleus provides
a major relay from the hippocampus to various subcortical
regions. Given its location and connections, the lateral septal
nucleus forms a critical part of the limbic system, integrating
a variety of emotional and cognitive information to regulate
behavioral responses, reward, feeding, anxiety, fear, and sociability
(Rizzi-Wise and Wang 2021). It is therefore not surprising that it
also has a role in pain, with the circuit from the paraventricular
hypothalamus to the lateral septal region being identified as
necessary and sufficient for regulating visceral pain (Li et al.
2022). Furthermore, the septal nucleus has been shown to be
involved in acute thermal pain processing (Somade et al. 2019).

Another significant finding from our results was the correla-
tion between nociceptive behavior and brain regional density.
Although most clusters displayed a significant correlation
between gray matter density and mechanical thresholds in
sham animals at the acute timepoint, these relationships did
not occur in the injured animals. This suggests that at least at
the acute timepoint, injury disrupted the relationship between

mechanical sensitivity and gray matter density in numerous brain
regions. One area that did not display significant relationships
between gray matter density and either mechanical, hot, or cold
thresholds, at either the acute or chronic timepoint in either
group was the amygdala. However, the amygdala did display
a unique pattern in injured rats at the chronic timepoint, i.e.
a positive correlation with mechanical thresholds in females
only, but positive correlations with cold thresholds in males only.
These amygdala-dependent sex differences in nociception are not
limited to rodents. Clinical participants with chronic abdominal
pain exhibit sex differences in connectivity of the emotional-
arousal network (including the amygdala) in response to visceral
stimulation (Labus et al. 2008). Furthermore, Kogler et al.
demonstrated differential resting state functional connectivity
(rsFC) within the amygdala of males and females (Kogler
et al. 2016). Interestingly, in this study, cortisol was negatively
associated with rsFC in females, but positively correlated with
cortisol in males. These studies suggest that there are innate sex
differences in amygdala-dependent responses to noxious stimuli.

In addition, at the acute time point in injured animals, the
cerebellum displayed a significant correlation with hot thresholds
in male rats only whereas the hypothalamus displayed a signif-
icant correlation with hot thresholds in females only. This sug-
gests that the cerebellum is involved in the pathways responsible
for the increased nociception observed, with a more significant
influence on male behavior. As stated previously, the cerebellum’s
role in pain is not fully elucidated, but is known to be involved
in the sensorimotor processing of pain (Moulton et al. 2010).
This finding highlights the need for further research into this
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relationship, as the cerebellum likely plays a key role in altering
pain sensitivity.

Overall, both males and females exhibited changes within the
pain matrix, however the presentation of structures involved dif-
fered between the sexes. Although the pain response was similar
for males and females, they were manifested through different
physiological and neurobiological pathways. This is consistent
with previous research in our laboratory (Salberg et al. 2023), and
others (Hagiwara et al. 2021) that demonstrated significant sex
differences in the mechanisms associated with pain outcomes
observed and could be due to a variety of factors, such as the pres-
ence of varied sex hormones, or the delayed neuromaturation rate
in males compared with females. These results again emphasize
the need to include both sexes in pain studies as the vast majority
of mechanisms driving the manifestation and persistence of pain
appear to be sexually-dimorphic.

Conclusion
Our study found that a minor surgical procedure “in adolescence”
resulted in persistent nociceptive sensitivity across time in both
sexes, however females exhibited greater persistent sensitivity.
The surgery also modified brain structure in a sex-dependent
manner that we were able to identify with MRI, whereby the per-
sistence of pain increased gray matter volume in female animals,
but not males. In addition, the surgery altered gray matter density
in a number of brain regions, with sex-related differences in the
hippocampus, amygdala, lateral septal nucleus, and CPu/insula.
Our study highlights the importance of studying adolescence as
a population in its own right, as although many of the brain
regions affected with the persistence of pain were outside of the
sensory pain pathways, similar to adults, changes were often in
opposite directions, with increases in gray matter density with
persistent pain as opposed to decreases in adults. Overall, both
males and females exhibited changes within the pain matrix,
however the structures involved differed between the sexes. These
results emphasize the need to include both sexes in pain studies
in order to provide more targeted treatment options, as the neuro-
biological mechanisms driving the manifestation and persistence
of pain appear to be sexually-dimorphic.
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